The methyl rotor and van der Waals vibrational levels in the S 1 and S 0 states of toluene-Ar have been investigated by the technique of two-dimensional laser induced fluorescence (2D-LIF). The S 0 van der Waals and methyl rotor levels are reported for the first time, while improved S 1 values are presented. The correlations seen in the 2D-LIF images between the S 0 and S 1 states lead to a reassignment of key features in the S 1 ← S 0 excitation spectrum. This reassignment reveals that there are significant changes in the methyl rotor levels in the complex compared with those in bare toluene, particularly at low m. The observed rotor energies are explained by the introduction of a three-fold, V 3 , term in the torsion potential (this term is zero in toluene) and a reduction in the height of the six-fold, V 6 , barriers in S 0 and S 1 from their values in bare toluene. The V 3 term is larger in magnitude than the V 6 term in both S 0 and S 1 . The constants determined are |V 3 (S 1 )| = 33.4 ± 1.0 cm −1 , |V 3 (S 0 )| = 20.0 ± 1.0 cm −1 , V 6 (S 1 ) = −10.7 ± 1.0 cm −1 , and V 6 (S 0 ) = −1.7 ± 1.0 cm −1 . The methyl rotor is also found to couple with van der Waals vibration; specifically, the m = 2 rotor state couples with the combination level involving one quantum of the long axis bend and m = 1. The coupling constant is determined to be 1.9 cm −1 , which is small compared with the values typically reported for torsion-vibration coupling involving ring modes.
I. INTRODUCTION
van der Waals interactions between a methyl rotor and its surroundings influence the rotor's behavior. Such changes can be used to probe the microenvironment of the rotor and, further, can be exploited to design desired behavior into a molecular structure. For example, Xue et al. 1 have shown that measurements of nuclear magnetic resonance (NMR) relaxation times for methyl rotation in proteins can provide insights into protein structure while Baudry, 2 in the context of nanomachines, has shown that the barrier height of methyl rotors can be manipulated through incorporating desired van der Waals interactions to enable rigid rotors to become thermally activated. These condensed phase studies illustrate that understanding the effects of van der Waals interactions on methyl rotors is important for using rotor behavior as a probe of the local environment and for incorporating desired behavior into nano-scale devices.
van der Waals complexes have become a standard method for probing intermolecular interactions using the high precision tools of gas phase spectroscopy. 3 Interestingly, there are comparatively few gas phase studies of the effect of van der Waals interactions on methyl rotors. In particular, there are very few studies exploring the effect of van der Waals interactions on a methyl rotor in substituted aromatics. One of the earliest studies examined a series of toluene-rare gas complexes. 4, 5 In that case the rotor levels were reported to be largely unaffected by the presence of the rare gas. 5 However, a a) Author to whom correspondence should be addressed. Electronic mail: warren.lawrance@flinders.edu.au.
later microwave study of the related p-fluorotoluene-Ar complex reported that the presence of the Ar atom had significantly altered the methyl rotor potential, introducing a threefold barrier that is ∼4 times larger than the six-fold barrier in the bare molecule. 6 Furthermore, complexing toluene with SO 2 , where the SO 2 lies above the aromatic ring akin to the rare gas situation, introduces a three-fold barrier ∼17 times the six-fold barrier in bare toluene. 7 In contrast, the presence of a Ar atom above the ring is reported to have little effect on the methyl rotor in acetanilide, although in that case the rotor is more distant from the ring. 8 Most recently, the role of the methyl group in stabilising the weak π hydrogen bond in the p-fluorotoluene-ammonia complex, which appears to exist in two conformers, has been considered, although the specific effect of the van der Waals partner on the methyl rotor was not explored. 9 In view of the importance of van der Waals interactions on methyl rotors more generally, the role of toluene as the fundamental building block for aromatic-containing rotors, and the differences reported for the effect of rare gases on the methyl rotor in toluene and p-fluorotoluene, we have examined the case of toluene-Ar afresh. Our investigation utilizes the technique of two-dimensional laser induced fluorescence (2D-LIF). [10] [11] [12] This technique involves measuring a region of the dispersed fluorescence spectrum as the laser is scanned over absorption features, the dispersed fluorescence providing a filter that allows different species to be separated, for example, 13 C isotopomers from each other and the 12 C parent. 12 Our application of the technique is a high resolution variant of the two-dimensional fluorescence (excitation/emission) spectroscopy approach reported by Kable and co-workers for identifying species in complex mixtures. In the present application, the key is that 2D-LIF allows observation, and facilitates identification, of van der Waals vibrations 11 and methyl rotor states 20 in both the ground and excited electronic states.
Toluene is particularly suited to exploring the effect of van der Waals interactions on the methyl rotor because it has low barriers to methyl rotation in the S 0 and S 1 states, with barrier heights of ca. 4.9 and 26.4 cm −1 , respectively. 21, 22 Thus, small changes to these values in the van der Waals molecule should be significant. Moreover, toluene has a sixfold potential (a so-called V 6 potential) because of the interaction of the three H atoms with the two identical halves of the aromatic ring. The addition of the Ar atom above the aromatic ring lowers the symmetry and potentially introduces an additional three-fold term to the potential (labeled V 3 ) associated with the H atoms interacting with Ar. An interesting issue in exploring the toluene-Ar complex is the opportunity for interaction between the rotor levels and the van der Waals vibrations since the lower rotor levels have energies comparable to the van der Waals vibrational modes. Mons et al. 5 reported that the S 1 ← S 0 absorption spectrum of toluene-Ar was complicated and suggested that this might be due to Fermi resonances involving the first two van der Waals bending levels and rotor states. This issue will be examined as part of our study.
II. EXPERIMENTAL DETAILS
The experimental set-up for 2D-LIF has been given in detail previously. 10 The salient features for the present experiments are as follows. The frequency doubled output of a Nd:YAG pumped dye laser (Continuum Surelite-II pumping a Lambda Physik Scanmate operating with Coumarin 503 laser dye; 0.3 cm −1 doubled line width; 10 Hz repetition rate) is passed vertically through a stainless steel chamber containing the source, the vertical propagation matching the vertical entrance slit of the spectrometer. The laser beam intersects a horizontal supersonic free jet expansion of 1% toluene in Ar at X/D ∼ 10. The resulting fluorescence is dispersed using a home-built spectrometer with a dispersion of ca. 5 cm
per mm in the wavelength region of the present experiments. The dispersed fluorescence is detected with a 25 mm diameter gated image intensifier with single photon detection sensitivity. The loss of sensitivity at the edges (due to the image intensifier vertical dimension no longer matching the slit height) leads to the effective width of the region viewed being ∼80-100 cm −1 . The image intensifier is gated to detect fluorescence in a time window near the laser; for the experiments described herein, it was gated to open post the laser pulse to minimise the detection of scattered laser light. The image intensifier output at each laser shot is captured using a charge coupled device (CCD) camera. The CCD image is downloaded to a computer and analysed to identify and record the centre of each spot observed and a histogram of events at each camera pixel position is built up. The process continues for a preset number of laser shots with the laser fixed in wavelength, producing a section of the dispersed fluorescence spectrum at that laser wavelength. The laser then steps to the next wavelength and the process repeats until the laser has scanned the region required. The result is a three-dimensional surface of fluorescence intensity as a function of both the laser and dispersed fluorescence wavelengths. We refer to this surface as a 2D-LIF spectral image.
III. RESULTS

A. Background: Methyl rotor levels and van der Waals vibrations
Before presenting the results, we give a brief synopsis of the expected spectroscopy of toluene-Ar with respect to the methyl rotor levels and van der Waals vibrations.
The calculation of methyl rotor states is well summarized by Spangler 23 and Weisshaar. [24] [25] [26] [27] [28] [29] The free rotor has energies E = m 2 F, where F is the internal rotation constant associated with the methyl rotation and m is a quantum number that takes values of 0, ±1, ±2, . . . . The positive and negative m values correspond to the methyl group spinning in opposite directions. The free rotor basis states are ψ = exp (imα), where α is the angle of rotation of the methyl group. However, the methyl rotor in toluene is not free and involves a six-fold potential, i.e., a
(1 − cos 6α) term, where V 6 denotes the barrier height. Its energies are calculated as the eigenvalues of the Hamiltonian matrix constructed in the free rotor basis. The V 6 potential couples the free rotor states differing in m by ±6. The most significant effect of this barrier is to directly couple the degenerate m = ±3 states. This causes them to split apart to form two levels, the symmetric and anti-symmetric combinations of the m = ±3 basis functions, which are separated by V 6 /2.
Throughout this paper transitions involving m will be labeled using the usual spectroscopic convention m Table I shows the methyl rotor levels predicted in this manner up to m = 4 for toluene.
Complexation of toluene with a Ar atom placed above the aromatic ring can change the methyl rotor behavior. van der Waals interactions between the Ar and methyl hydrogens can introduce a three-fold barrier, i.e., a
(1 − cos 3α) term. The introduction of such a term, if sufficiently large, would change the energy levels of the rotor. Previous studies have suggested that the rotor levels are largely unchanged in the toluene-Ar complex, 4, 5 implying that the V 3 term is negligible. The addition of the Ar atom lowers the symmetry of the complex to G 6 , whereas bare toluene belongs to the G 12 group. The effect on the symmetry of the rotor levels is shown in Table I .
The states with m = 3n and m = 3n ± 1 (n = 0, 1, 2, . . . ) belong to different nuclear spin states and collisional cooling during the supersonic expansion leads to the m state population collapsing to be in m = 0 and m = 1. 22 The changes in m that occur in transitions between the ground and excited electronic states cannot lead to changes in nuclear spin. The dominant transitions are those involving m = 0 but weak m = 0 transitions are also seen. 22, 23, 33 The transition from m = 0 to 3(−) is forbidden but may be seen due to higher order coupling mechanisms. 23, 29, 33 It can be seen from Table I  that The van der Waals vibrations in mono-substituted benzene-rare gas complexes are the long and short axis bend fundamentals, ν bl and ν bs , and the stretch, ν s . The long axis bend is the bend in the C-X bond direction (X denotes the substituent), while the short axis bend is perpendicular to it. ν bl and ν s are totally symmetric vibrations, while ν bs is non-totally symmetric. While on symmetry grounds the short axis bend fundamental should be absent, it is generally seen. The mechanism responsible for this activity, first described by Maxton et al., 34 involves the large amplitude rocking of the aromatic associated with the bending motion modulating the projection of the aromatic-localised transition dipole along the Eckart axes of the complex. In the case of toluene-Ar, the rocking motion of toluene associated with the short axis bend effectively projects the transition dipole, μ, which is in-plane and parallel to the short axis bend direction, onto the toluene-Ar bond direction, producing vibronic activity in the short axis bend. 35 The frequencies typical of these vibrations in substituted benzene-Ar complexes are: ν bl ∼ 20 cm −1 , ν bs ∼ 35 cm −1 , and ν s ∼ 45 cm −1 . Based on analogous mono-substituted benzene-rare gas complexes, such as fluorobenzene-Ar, we would expect to see transitions at each of these positions in the spectrum. 11, 35 The S 1 frequencies for toluene-Ar reported previously are ν bl = 20.5 cm −1 and νs = 43 cm −1 (Ref. 5) . A progression up to three quanta in the long axis bend was reported. No bands were assigned to the short axis bend.
B. Interpreting 2D-LIF spectral images
2D-LIF spectral images are a compilation of dispersed fluorescence spectra measured at each laser wavelength during a LIF scan. The images are presented with the laser wavenumber along the x axis and the fluorescence wavenumber along the y axis, unless specified otherwise. The intensity is coloured to indicate relative intensity. Features are labelled by their (x,y) value, i.e., the (absorption, emission) wavenumber values or the corresponding transitions.
The Table I ), the m = 0 rotor transitions occur at similar photon energies. Excitation to a series of S 1 rotor levels leads to a series of transitions that will appear at approximately the same emission wavenumber but different absorption wavenumbers. This leads to a set of features in the 2D-LIF spectral image that are horizontal with the non-rotor transition on which they are built. Similarly, absorption to a van der Waals vibration, vdW 1 0 say, will lead to the strongest emission feature being associated with a zero change in the vibrational quantum number, giving the transition vdW 1 1 . Again, the similar S 0 and S 1 vibrational frequencies for van der Waals modes means that excitation of these vibrations results in a series of horizontal features in the image. 11 Because the van der Waals modes and lower rotor levels have similar energies, these two series of features will be interspersed.
The energies of features in both S 1 and S 0 can be determined from the positions of these (X and methyl rotor levels. The assignments of the features are indicated on the figure. An image was obtained with improved signal in the key region of the 0 0 0 band to enable the m = 0 and υ = 0 bands to be more clearly identified and this is included in Fig. 1 . In addition to the many previously assigned strong features associated with the rotor transitions of bare toluene, 20 there are a number of weak features due to the van der Waals complex. These are readily differentiated from toluene due to the presence of a prominent Q branch for the complex versus the bare toluene. This is expected as it was seen in the 2D-LIF images of fluorobenzene-Ar, which has similar rotational constants. Table I Table III .
IV. DISCUSSION
A. Comparison with previous assignments
Two studies reporting REMPI spectra for the S 1 ← S 0 transition of toluene-Ar have appeared previously. 4, 5 The spectra are at lower resolution than our study but show largely the same structure. The assignment of the spectrum was provided by Mons et al. 5 Our assignment of the LIF spectrum is shown in Table II , along with the assignment by Mons et al. 5 There are several major differences in the assignments. These differences, and the rationale for our assignments, are as follows:
(i) Mons et al. 5 assigned a band at 16.5 cm −1 to the methyl rotor transition m band to the van der Waals long axis bend fundamental, bl 1 0 . We make the reverse assignments: we assign the lower energy band, which we observe at 16.9 cm −1 , to bl 1 0 and the higher energy band, which we observe at 21.7 cm −1 , to m (ii) Mons et al. 5 assigned a band at 33 cm −1 to the first long axis bend overtone transition bl 2 0 , while we assign this band, which we see at 33.8 cm −1 , to the short axis bend fundamental, bs 1 0 . It is only since Mons' work was published that it has been recognized that the symmetry-forbidden short axis bend fundamental can be seen via the mechanism discussed earlier. 34 While the frequency provides a good match with either assignment, the intensity of the band is higher than expected for the overtone, which generally only appears due to a Fermi resonance with the stretch fundamental. 11, 35, 36 In the present case, the low frequency of the long axis bend fundamental leads to a large energy spacing between its overtone and the stretch, reducing the effectiveness of this coupling in redistributing intensity to the overtone. Furthermore, one would expect the short axis bend to be insensitive to the substituent: the comparative short axis bend frequency in fluorobenzene-Ar is 33.7 cm 5 assigned a band at 47 cm −1 to the second overtone of the long axis bend. In view of the preceding discussion, we view this assignment as unlikely and have assigned this band to absorption to the combination level bs 1 bl 1 at 47.9 cm −1 . The analogous band has been observed in emission for fluorobenzene-Ar. 11, 35 (iv) Finally, we note that Mons et al. 5 observed a band at ∼29 cm −1 , labeled b in their spectra, in both toluene and toluene-Ar which they assigned to a methyl rotor band. We have not observed a band in this region, nor was it reported by Breen et al. 22 in their study of toluene rotor transitions. There is no band predicted to be in this region.
In addition to these changes in assignment, as a result of the higher resolution of our study we have clearly seen a splitting of the m 0 0 and m 1 1 transitions. This splitting is much larger than it is in the free toluene case.
The changes in the assignments given above, along with the large increase in the m 0 0 −m 1 1 separation, have profound implications for the effect of the van der Waals interaction on the methyl rotor. Mons' assignments lead to the conclusion that there is little change in the methyl rotor levels in the complex versus bare toluene, however the revised assignments, particularly the ca. 5 cm −1 increase in the m 2 1 transition energy, require that this be re-evaluated.
B. Changes in the methyl rotor
The addition of a Ar atom placed above the toluene aromatic ring has the potential to change the methyl rotor behavior in several ways. Primarily, van der Waals interactions between the Ar and methyl hydrogen atoms can introduce a three-fold potential, i.e., a
(1 − cos 3α) term where V 3 denotes the barrier height, 23 where there was only a six-fold potential previously. The introduction of such a term can significantly change the energy levels of the rotor. An attractive interaction between the methyl hydrogens and Ar might also alter the methyl rotor geometry slightly, changing the rotational constant associated with this motion. Finally, by perturbing the electron density distribution on the aromatic, the six-fold interaction of the methyl with the ring could be perturbed. Subtle changes in the electron density can have large effects on rotor barriers, as seen by the effects of distant substituents. 23 In considering the effect of van der Waals interactions in the toluene-Ar case, we summarize the key observations: 
for a V 6 potential and
for a V 3 potential. Here the single and double primes denote the S 1 and S 0 states, respectively,F denotes the average value of F in the S 1 and S 0 states, and F = F −F . Since the V 6 and V 6 barrier heights are known for toluene, it is straightforward to show from Eq. (1) that ε is determined almost exclusively by the change in F in that case. As noted above, the absorption and emission transitions involving m = 4 indicate that F and F are little changed in the complex, so F will be essentially unchanged. For changes in the V 6 potential from toluene to toluene-Ar to be responsible for the observed increase in ε requires that the V 6 terms in the complex be significantly larger than they are for toluene. If this were the case, the m = 3(+) energies would be significantly higher in the complex and this is not observed. We are therefore able to rule out changes in F and V 6 as being responsible for the larger ε observed in toluene-Ar compared with toluene. We conclude that the change is the result of the introduction of a V 3 potential. Comparing Eqs. (1) and (2) shows that the denominator is ∼25× smaller for the V 3 case than it is for the V 6 case, showing that changes in a V 3 potential from S 0 to S 1 have a much larger effect on ε than similar changes in V 6 . To establish the barrier heights to methyl rotation in S 0 and S 1 toluene-Ar, we first extract from the experimental data the energy differences between rotor levels within the S 0 and S 1 states. (Absolute differences cannot be obtained because there are no transitions linking states of a and e symmetry; they encapsulate different nuclear spin states.) These are shown in Table IV . In the case of m 2 , the dispersed fluorescence spectrum shows that this state is perturbed by coupling with bl 1 m 1 . The m = 2 energy has been determined from the shift observed for bl 1 m 1 compared with bl 1 . For a two level interaction, the shift by bl 1 m 1 to lower energy is matched by the shift in m 2 to higher energy, allowing the unperturbed m = 2 energy to be determined. The values in Table IV The rotor matrices are readily set up and diagonalised to determine the energies of the methyl rotor levels 23, 27, 29 and can be straightforwardly incorporated into a fitting algorithm to determine optimum values for the V 3 , V 6 , and F terms in each electronic state. However, it is useful to first examine perturbation expressions for the shifts observed as this provides insight into which of the barriers is key to determining them. Considering the coupling matrix, the m = 1−2 separation is given approximately by (see the Appendix),
3840F , which shows that this separation is likely to be driven predominantly by the V 3 term. However, in the case of m = 3(+), the energy is approximately
384F .
Here, the direct coupling between the rotor basis states m = +3 and m = −3 via the V 6 term remains a leading determinant of the energy. We approached the problem of determining V 3 and V 3 values by first fixing the values of F , dF , F , V 6 , and V 6 at the experimental values determined for toluene. Here dF is a centrifugal distortion term for the methyl rotor rotational constant, F(m) = F(0) + m 2 dF, which was observed as necessary in the high resolution study by Borst and Pratt. 21 This initial analysis revealed that a similar centrifugal term needed to be introduced into the ground state calculations to reduce the energies of the higher m levels, particularly m = 4. This is interesting given that Borst and Pratt noted that their study was the first to demonstrate the need for such a term, although it had been suggested as a possibility earlier. 37 The same value of dF = −0.008 cm −1 was used in both states. The initial analysis further revealed that the largest error was for the m = 3(+) energies. In both states these were overestimated. As noted above, the energy of these states is determined to a large extent by the V 6 term. Consequently, in the subsequent analysis V 6 and V 6 were allowed to vary. We found that this led to only small changes in V 3 and V 3 (a few percent at most) compared with the previous analysis, but V 6 and V 6 were reduced considerably in order to match the respective m = 3(+) energies, which are primarily responsible for determining the magnitude of these parameters. Consequently, the values of V 6 and V 6 are particularly sensitive to the accuracy of the m = 3(+) energies determined experimentally. The resulting fit is adequate, as shown by comparing the calculated and observed values shown in Table IV . We found that it could be further improved by varying F(0) in S 0 and S 1 , however, the changes were minor (a 1.6% decrease in F (0) and a 0.4% increase in F (0)) and did not result in the barriers changing beyond the uncertainty quoted.
The key result from the fit is that the complexation of Ar with toluene leads to the introduction of a V 3 term in the rotor potential and a reduction in the V 6 potential from the toluene value. The V 3 potential increases upon electronic excitation, as does the V 6 potential. The V 3 terms in toluene-Ar are larger than the V 6 terms in toluene. In the complex, the V 3 term significantly exceeds the V 6 term in both electronic states. We are unable to determine the sign of the V 3 terms.
It is interesting to compare the toluene-Ar case with p-fluorotoluene-Ar. The latter complex has been studied in detail in the S 0 state by microwave spectroscopy. 6 S 0 pfluorotoluene has a similar V 6 barrier to toluene, 4.826 cm −1 versus 4.874 cm −1 , respectively. It was found that the V 3 barrier in p-fluorotoluene-Ar is 18.4 ± 0.3 cm −1 , very similar to the value of 20 ± 1 cm −1 that we have deduced for toluene-Ar. In the p-fluorotoluene-Ar case, the V 3 and V 6 barrier heights were strongly correlated in the fit and the V 6 barrier was fixed at the bare p-fluorotoluene value. Hence, the authors were unable to comment on whether complexation had influenced the V 6 barrier.
C. van der Waals modes and torsion-vibration coupling
The van der Waals mode frequencies are typical of those seen for monosubstituted benzene-Ar complexes, although the long axis bend frequency is at the low end of the range and its overtone is consequently well below the stretch fundamental, rendering the Fermi resonance typically seen between these states unobserved.
The most interesting observation of the van der Waals vibrations concerns emission to the long axis bend in S 0 . From m = 0, the emission band bl Since the perturbation of the long axis bend is seen at m = 1 but not m = 0, the mechanism responsible must involve a local m-dependent interaction with a methyl rotor state, i.e., it must involve torsion-vibration coupling. Torsion-vibration coupling terms are products of a coupling constant, V T-V , normal coordinate operators, q, and torsion operators, cos (3nφ) or sin (3nφ), where n = 1, 2 . . . (Refs. 20, 29, and 38) . (A lower case q has been used to indicate the use of dimensionless normal coordinates so that V T-V has units of energy.) The product of the operators must transform as the totally symmetric representation. In the present case the symmetry of ν bl is a 1 , as is the symmetry of the cos (3φ) term, so the lowest order coupling term is
The cos (3φ) term leads to a m = ±3 selection rule and a value that is independent of m. In the present case, the m = 2 rotor level is the obvious candidate for a nearby coupling but at first glance it looks to involve m = 1. However, the state labeled m = 1 is degenerate and involves the m = +1 and m = −1 states, and similarly for the m = 2 state. A +3 change in m from −1 couples it to m = 2, while a −3 change from m = +1 couples it to m = −2. An m = 1 level can thereby couple to an m = 2 level, although it appears superficially that it is not allowed by the m = ±3 selection rule. Thus bl 1 m 1 and m 2 can be coupled via a torsion-vibration mechanism involving a V T −V q bl cos (3φ) term.
Both the bl to lower energy, which implies that m 2 has been shifted a matching 1.6 cm -1 to higher energy. From the observed shifts, the unperturbed separation of the states is determined to be 0.7 cm -1 , from which V T-V is calculated to be 1.9 cm -1 . To our knowledge this is the first time that a torsion-vibration coupling term involving rotor levels and a van der Waals vibration has been determined. Weisshaar and co-workers 29 have analysed several torsion-vibration resonances involving ring modes in substituted toluenes. The observed coupling terms involved a | m| = 3 coupling with a change of ±1 in a single vibrational mode, akin to the resonance observed here. The coupling terms extracted range from 3.5 to 14.8 cm -1 , with an average value of 8 cm -1 . The constant we have determined here for coupling the methyl rotor and van der Waals bend is thus smaller than typical values reported for torsion-vibration coupling involving ring vibrations. In the absence of further data it is not known whether interactions involving van der Waals modes with the rotor will be weaker in general than those for ring modes or whether this is a simply a particularly weak interaction.
V. CONCLUSIONS
We have investigated the methyl rotor and van der Waals vibrational levels in the S 1 and S 0 states of toluene-Ar using the technique of 2D-LIF. The S 0 van der Waals and methyl rotor levels have been reported for the first time, while improved S 1 values have been presented. The 2D-LIF spectral images allow the S 0 and S 1 states observed to be correlated, and this analysis has necessitated a reassignment of key features in the S 1 ← S 0 spectrum. This reassignment reveals that there are significant changes in the methyl rotor levels in the complex compared with those in bare toluene, particularly at low m. Explaining the observed rotor energies necessitates the introduction of a V 3 term in the torsion potential (this term is zero in toluene) for both electronic states and a reduction in the height of the V 6 barriers from their values in toluene. We find that the V 3 term is larger in magnitude than the V 6 term in both S 0 and S 1 . We are unable to determine the sign of the V 3 term and hence the minimum energy configuration of the methyl group in the toluene-Ar complex. A further effect of the presence of the Ar atom is a torsion-vibration coupling of the methyl rotor with van der Waals vibration. The m = 2 rotor state, m 2 , couples with the combination level involving one quantum of the long axis bend and m = 1, bl 1 m 1 . The coupling constant is determined to be 1.9 cm -1 , which is small compared with the values typically reported for torsion-vibration coupling involving ring modes.
APPENDIX: APPROXIMATION OF ROTOR ENERGIES
The methyl rotor energies are calculated as the eigenvalues of the Hamiltonian matrix set up in the basis states of the free rotor, as discussed in Sec. III A. Considering the case of a V 3 potential, for example, by virtue of the m = ±3 interaction, each free rotor state is coupled directly to two other free rotor states, one by m = −3 and the other by m = +3. When the coupling term is small compared with the separation between the coupled states, as it is in toluene and tolueneAr, to a good approximation each of these interactions can be considered individually and their combined effect determined as their sum. This reduces the problem to considering two 2 × 2 matrices for each m value. Comparing the eigenvalues for these matrices with the free rotor energies gives the energy shift for each interaction. For a 2 × 2 matrix with a separation of states E and a coupling term V, the eigenvalues are given by
For the situation here V E and the square root term is well approximated by a series expansion truncated at the 
